or Ta), which have been characterised by microanalysis, IR, 1 H, 19 F{ 1 H}, 31 P{ 1 H} and 93 Nb NMR spectroscopy. X-ray crystal structures are reported for the isomorphous [MF 4 {o-C 6 H 4 (PMe 2 ) 2 } 2 ][MF 6 ], which confirm the presence of eight-coordinate (distorted dodecahedral) cations. The corresponding reactions using o-C 6 H 4 (AsMe 2 ) 2 produced [MF 4 {o-C 6 H 4 (AsMe 2 ) 2 } 2 ][MF 6 ] which were similarly characterised, including by the X-ray structure of [NbF 4 {o-C 6 H 4 (AsMe 2 ) 2 } 2 ][NbF 6 ]. These are very rare examples of arsine complexes of high valent metal fluorides.
Introduction
Niobium(V) and tantalum(V) fluorides are white crystalline solids which have a tetranuclear structure in the solid state, composed of six-coordinate metal centres at the corners of a square, with single fluoride bridges along each edge. 1 They are very strong Lewis acids and have been explored as constituents of superacid media, although they are weaker than SbF 5 or AsF 5 in this respect. 2 Despite the strong fluoride bridges, they dissolve easily in many O-or N-donor solvents and in halocarbon solvents in the presence of hard donor ligands. 3 A wide range of adducts with O-donor Lewis bases have been thoroughly characterised, and in addition to simple adduct formation, C-O, C-H or C-C bond cleavage, rearrangements and polymerisation reactions have been observed. [3] [4] [5] A smaller range of N-donor adducts are also known. [3] [4] [5] As would be expected for very hard Lewis acids, complexes with soft Lewis bases are rare. We have reported extremely moisture sensitive thioether complexes of types [MF 5 (SR 2 )] (M = Nb or Ta), [MF 4 (SR 2 ) 4 ][MF 6 ] and [MF 4 {RS(CH 2 )SR} 2 ][MF 6 ]; the last two types contain eight-coordinate cations. 6, 7 Unstable complexes with selenoethers also form, but these decompose in a few hours with fluorination of the ligand. 6, 7 There appear to be no characterised examples of these pentafluorides complexed to neutral phosphorus or arsenic ligands. 3 The heavier halides MX 5 (X = Cl or Br) are also strong Lewis acids which form many complexes with both hard and soft donor ligands, including P-or As-donor ligands. 8 It is notable that hydrolysis of the adducts with the heavier halides, or sometimes O-abstraction from neutral ligands, results in oxide-halide complexes, 5, 8, 9 whereas similar O/F exchange does not occur with the pentafluorides. 3, 4 Complexes of NbOF 3 were reported very recently, formed by reaction of MF 5 and the siloxane (Me 3 Si) 2 O (HMDSO), 5 although the tantalum analogues remain unknown. Here we report the synthesis of complexes of NbF 5 and TaF 5 with diphosphine and diarsine ligands, attempts to make NbOF 3 adducts, and comparable data on complexes with NbCl 5 , TaCl 5 and NbOCl 3 .
Results and discussion
[MF 4 (diphosphine) 2 ][MF 6 ] complexes Initial attempts to form complexes of alkyldiphosphines (L-L) (L-L = o-C 6 H 4 (PMe 2 ) 2 , Me 2 P(CH 2 ) 2 PMe 2 or Et 2 P(CH 2 ) 2 PEt 2 ) used reaction of the appropriate MF 5 with the diphosphine in anhydrous CH 2 Cl 2 solution, similar conditions to those used to make thioether complexes, 6,7 and diphosphine complexes of TiF 4 from [TiF 4 (MeCN) 2 ]. 10 However, this approach failed; the major products were phosphonium salts of the well known [MF 6 ] − anions, and some other unidentified species. It is likely that the CH 2 Cl 2 is activated towards reaction with the phosphines by the strong Lewis acidity of the pentafluorides. In contrast, reaction of MF 5 5 with RS(CH 2 ) 2 SR in CH 2 Cl 2 , 6,7 a donor solvent is not essential to break up the tetrameric pentafluorides. It seems that the soft PMe 3 cannot compete successfully with the hard MeCN for the metal centres, at least when the nitrile is present in large excess as solvent (whilst use of chlorocarbon solvents is ruled out by the reactivity described above). Note that PMe 3 also failed to cleanly displace MeCN from [TiF 4 (MeCN) 2 ]. 10 It is convenient to discuss the X-ray structures first and then interpret the spectroscopy and reactions in terms of the complex units present. The two diphosphine complexes [MF 4 {o-C 6 H 4 (PMe 2 ) 2 } 2 ][MF 6 ] (M = Nb or Ta) are isomorphous ( Table 1 ) and contain eight coordinate distorted dodecahedral cations and the familiar octahedral anions. The cation geometries ( Fig. 1 and 2) show essentially identical M-F and M-P distances for the two metal centres, with the former slightly longer (by ∼0.07 Å) than those found in the [MF 6 ] − anions. In part this can be attributed to the increase in coordination number, but it is notable that the d(M-F) in the cations are longer (by ∼0.02 Å) than those found in the eightcoordinate cations in [MF 4 {RS(CH 2 ) 2 SR} 2 ] + or [MF 4 {MeO-(CH 2 ) 2 OMe} 2 ] + , 4b,6,7 possibly indicating some steric crowding by the phosphorus centres which carry three substituents, as against two in the Group 16 donor ligands. Comparison of the cation geometry in [NbCl 4 {o-C 6 H 4 (PMe 2 ) 2 } 2 ]Cl ( Fig. 3) with those in the fluorides shows d(Nb-P) has increased by ∼0.04 Å, which could be due to steric crowding, but may also reflect weaker Lewis acidity of the tetrachloroniobium(V) centre compared to the fluoride analogue.
The IR spectra of the [MF 4 (L-L) 2 ][MF 6 ] show the presence of the L-L, the absence of phosphine oxide groups, and strong overlapping features in the range 620-550 cm −1 assigned as terminal M-F stretching vibrations. [5] [6] [7] The 1 H NMR spectra (Experimental section) show the expected resonances for the neutral ligand, shifted to high frequency on coordination. In the diphosphine complexes 2 J PH couplings were usually not clearly resolved. Multinuclear NMR spectra ( 19 F, 31 P) are much more informative. The 19 F{ 1 H} NMR spectra in MeCN solution at ambient temperatures show the characteristic 10 line multiplet at δ = +103 ppm for [NbF 6 ] − and a singlet at δ = +38 ppm for [TaF 6 ] − . 5,6 The 19 F{ 1 H} resonances of the diphosphine containing cations appear as broad lines to low frequency of the resonances for the corresponding anions (complexes with N-, S-or O-donor ligands usually have resonances to high frequency of the corresponding [MF 6 ] − anion 4-7 ). Under higher resolution, binomial quintet couplings are apparent on the cation resonances, which are assigned as 2 J PF ∼ 40-60 Hz ( Table 2 ) due to coupling with the four equivalent phosphorus centres ( Fig. 4) . In most cases the couplings are clearly resolved, although in [NbF 4 {o-C 6 H 4 (PMe 2 ) 2 } 2 ][NbF 6 ] and [NbF 4 {o-C 6 H 4 (PPh 2 ) 2 } 2 ][NbF 6 ] they appear as shoulders on a single broad resonance. Apart from small temperature drifts, the 19 F{ 1 H} change little on cooling the solutions to 223 K, showing exchange processes are slow even at room temperature. This contrasts with the thioether complexes, 6,7 which showed only a single very broad resonance at room temperature due to rapid dissociative ligand exchange, and which exhibited separate resonances for cation and anion only at low temperatures. The 31 P{ 1 H} NMR spectra of the diphosphine complexes each show a single resonance, with very large high frequency coordination shifts ( Table 2 ). In some cases under high resolution these resonances show binomial quintet patterns due to 2 J PF , although these were poorly resolved in the spectra of several of the niobium cations. The 93 Nb NMR spectra ( 93 Nb: 100% abundance, I = 9/2, Ξ = 24.44 MHz, Q = −0.2 × 10 −28 m 2 , D c = 2740) of [NbF 4 (L-L) 2 ]-[NbF 6 ], show the characteristic binomial septet at δ ∼ -1550 ppm (7), P4-Nb1-P3 = 71.38 (7), F3-Nb1-F2 = 95.29 (19) , F3-Nb1-F1 = 92.86 (19) , F2-Nb1-F4 = 92.78 (19) , F1-Nb1-F4 = 95.35 (19) . for the anion, 5 but for L-L = o-C 6 H 4 (PMe 2 ) 2 or Me 2 P-(CH 2 ) 2 PMe 2 , very broad features at δ ∼ -1100 ppm (W 1/2 ∼ 5000 Hz) were observed in the room temperature spectra, which are tentatively assigned to the dodecahedral cations; these resonances were lost on cooling the solutions. The complexes are very easily hydrolysed in solution, and trace water results first in the loss of the coupling patterns on the cation resonances, and then complete loss of the cation resonance, although the resonances of the water stable [MF 6 ] − remain. The diffuse reflectance UV/Vis spectra of the [MF 4 (diphosphine) 2 ][MF 6 ] show several broad features in the range 27 000-33 000 cm −1 , which for these d 0 complexes can be assigned as P(σ)→M(d) charge transfer transitions since the F(π)→M(d) charge transfer bands are expected to occur in the far-UV. 12 For those phosphines containing aromatic groups, there are also π→π* transitions in the near-UV region. Comparisons with the corresponding [MCl 4 (diphosphine) 2 ][MCl 6 ] ( Table 2) show that the P(σ)→M(d) charge transfer bands occur at higher energy in the fluorides, an effect observed in other systems, 7,10 and expected due to the strong M-F bonding which raises the energy of the metal d-orbitals. The Cl(π)→M(d) charge transfer bands are observed in the near ultraviolet region. 13 From the data reported (Experimental section) it seems the Cl(π)→M(d) transitions in the dodecahedral cations occur at rather lower energy than in the octahedral anions. ‡
Dalton Transactions Paper
The reaction of o-C 6 H 4 (AsMe 2 ) 2 with both MF 5 reagents in anhydrous MeCN produced [MF 4 {o-C 6 H 4 (AsMe 2 ) 2 } 2 ][MF 6 ] as cream powders. These are very rare examples of diarsine complexes with high valent fluorides. 3 TiF 4 does not complex with o-C 6 H 4 (AsMe 2 ) 2 , 10 and the complexes with SnF 4 or GeF 4 were too unstable to isolate. 14, 15 In contrast to the stability of the diphosphine complexes, the diarsines in [MF 4 {o-C 6 H 4 (AsMe 2 ) 2 } 2 ][MF 6 ] are partially displaced on dissolution of the complexes in MeCN (NMR evidence), but they are stable for some hours in anhydrous CH 2 Cl 2 solution, although slow reaction with the solvent occurs over several days. The successful isolation of the diarsine complexes from MeCN results from their deposition as the least soluble species from an exchanging mixture of complex, diarsine and nitrile adducts of MF 5 in solution, whilst their relative stability to CH 2 Cl 2 , which contrasts with that of the phosphines, is due to the lower nucleophilicity of the arsenic centres. The [NbF 4 {o-C 6 H 4 (AsMe 2 ) 2 } 2 ][NbF 6 ] is not isomorphous with the diphosphine analogue, but shows a similar eight-coordinate cation and six-coordinate anion geometry (Fig. 5 ).
The d(Nb-F) in the diarsine complex is slightly longer than those in the diphosphine analogue by ∼0.04 Å. The complexes of this diarsine with NbCl 5 and TaCl 5 of type [MCl 4 {o-C 6 H 4 (AsMe 2 ) 2 } 2 ][MCl 6 ] §, were reported many years ago, 16 and Fig. 4 NMR spectra of the cations: (a) 31 occur at lower energy (∼23 000-28 000 cm −1 ) than for the corresponding transitions in the diphosphines, as expected given the lower electronegativity of As. 18 
NbOF 3 and NbOCl 3 complexes
We recently reported that reaction of NbF 5 with a range of N- (2,2′ , although weaker donor ether, nitrile or thioether complexes did not form. 5 In the present work attempts to use the same approach failed to yield NbOF 3 -diphosphine adducts, with [NbF 4 (L-L) 2 ][NbF 6 ] (L-L = Me 2 P(CH 2 ) 2 PMe 2 or o-C 6 H 4 (PMe 2 ) 2 ) solutions in MeCN being unchanged after 24 h. from addition of HMDSO, as shown by 19 20, 21 In the present work, reaction of NbCl 5 with HMDSO in MeCN, which forms [NbOCl 3 (MeCN) 2 ] in situ, followed by addition of one mol. equivalent of Me 2 P(CH 2 ) 2 PMe 2 , afforded white [(NbOCl 3 ) 2 -{Me 2 P(CH 2 ) 2 PMe 2 } 3 ]. The structure determined from colourless crystals grown from CH 2 Cl 2 solution, showed this to be the symmetric dimer [{{Me 2 P(CH 2 ) 2 PMe 2 }NbOCl 3 } 2 {µ-Me 2 P-(CH 2 ) 2 PMe 2 }] (Fig. 6) , containing seven-coordinate niobium.
The bond lengths are similar to those in [NbOCl 3 (PMe 3 ) 3 ] 20 but the geometry is quite different, due to the presence of the five-membered chelate ring, with P1-Nb1-P2 = 71.04(6)°, whereas in [NbOCl 3 (PMe 3 ) 3 ] the P-Nb-P angles are all >112°. The ν(NbvO) of 939 cm −1 in [{{Me 2 P(CH 2 ) 2 PMe 2 }NbOCl 3 } 2 -{µ-Me 2 P(CH 2 ) 2 PMe 2 }] contrasts with that of 882 cm −1 reported for [NbOCl 3 (PMe 3 ) 3 ]. 20, 21 The dimer structure is retained in solution, shown most clearly by the 1 H and 31 P{ 1 H} NMR spectra, which distinguish the bridging and chelating diphosphines. The phosphorus resonance [2P] of the bridging ligand has a coordination shift (Δ) of +47, whereas the more intense resonance [4P] has Δ = +80, indicative of a five-membered chelate ring. 22 The reaction of NbCl 5 and HMDSO in MeCN followed by addition of o-C 6 H 4 (PMe 2 ) 2 , gave a white precipitate identified as [{o-C 6 H 4 (PMe 2 ) 2 }NbOCl 3 (µ-O)NbCl 3 (CH 3 CN){o-C 6 H 4 (PMe 2 ) 2 }], and red-orange [NbCl 4 {o-C 6 H 4 (PMe 2 ) 2 } 2 ][NbOCl 4 (CH 3 CN)] was isolated from the filtrate. The structure of the latter is described in ESI. †
The former contains seven-coordinate niobium centres, but in contrast to [(NbOCl 3 ) 2 {Me 2 P(CH 2 ) 2 PMe 2 } 3 ], the two niobium centres have different ligand donor sets (P 2 O 2 Cl 3 and P 2 NOCl 3 ) and are linked by a near-linear (177°) oxido-bridge ( Fig. 7) . It may be that the rigid o-C 6 H 4 (PMe 2 ) 2 , which is pre-organised for chelation, is disfavoured as a bridge in this case and the oxido-bridge is formed instead. The CSD contains only a single example of o-C 6 H 4 (PMe 2 ) 2 coordinated as a bridging ligand, in [(Cp*IrC1 2 ) 2 {μ-o-C 6 H 4 (PMe 2 ) 2 }]. 23 
Conclusions
A new series of complexes of niobium(V) and tantalum(V) fluoride with soft, neutral phosphorus or arsenic donor ligands has been prepared and characterised. All are of type [MF 4 (L-L) 2 ]-[MF 6 ] containing eight-coordinate cations, which seem to be the preferred structural units for many complexes of these two M(V) fluorides. 3 Despite the extreme hard/soft Lewis acid/base combinations, they are robust complexes with no evidence for decomposition in the solid state if protected from moisture, and the NMR spectra show no significant dissociation of the ligands in inert solvents at ambient temperatures. These properties contrast with those of complexes containing other soft donors, e.g. the rapid decomposition of the selenoether complexes with fluorination at selenium, and the extensive dissociation of the thioether adducts in solution at ambient temperatures. 6, 7 The properties also contrast with the very unstable phosphine complexes of TiF 4 , and the absence of any arsine ligand adducts with TiF 4 , GeF 4 or SnF 4 . 10, 14, 15 Comparisons with the corresponding complexes of Nb or Ta pentachlorides show considerable similarities, both in composition and properties, which contrasts with the behaviour of Group 4 tetrahalides, where there is little in common between the chemistries of ZrF 4 or HfF 4 (which do not form complexes with soft donor ligands), 19 and the six-or eightcoordinate complexes formed the heavier tetrahalides. 24 The coordination chemistry of TiF 4 is also very different from those of TiX 4 (X = Cl, Br or I). 10, 25 The coordination chemistry of VF 4 merits thorough study, and on the basis of the results reported herein, it is possible that even VF 5 may form neutral ligand complexes under appropriate conditions. 3
Experimental
Infrared spectra were recorded as Nujol mulls between CsI plates using a Perkin Elmer Spectrum 100 over the range 4000-200 cm −1 . 1 H NMR spectra were recorded from CD 2 Cl 2 or CD 3 CN solutions using a Bruker DPX400 spectrometer. 19 F{ 1 H}, 31 P{ 1 H} and 93 Nb NMR spectra were recorded using a Bruker DPX400 spectrometer and are referenced to external CFCl 3 , external 85% H 3 PO 4 , and [Et 4 N][NbCl 6 ] in MeCN respectively. UV/visible spectra were recorded from solid samples diluted with BaSO 4 using the diffuse reflectance attachment of a Perkin-Elmer Lambda 19 spectrometer. Microanalyses on new complexes were undertaken by London Metropolitan University. Preparations used standard Schlenk and glove box techniques under a N 2 atmosphere with rigorous exclusion of moisture. Solvents were dried by distillation from CaH 2 (CH 2 Cl 2 or CH 3 CN) or Na/benzophenone ketyl (diethyl ether). Hexamethyldisiloxane was dried over molecular sieves. Anhydrous NbX 5 and TaX 5 (X = F or Cl), PMe 3 , Me 2 P-(CH 2 ) 2 PMe 2 , Et 2 P(CH 2 ) 2 PEt 2 and o-C 6 H 4 (PPh 2 ) 2 were obtained from Aldrich, Apollo or Strem and used as received. o-C 6 H 4 (PMe 2 ) 2 and o-C 6 H 4 (AsMe 2 ) 2 were made by literature methods. 26, 27 [NbF 4 {o-C 6 H 4 (PMe 2 ) 2 } 2 ][NbF 6 ]: NbF 5 (0.18 g, 1.0 mmol) was dissolved in anhydrous MeCN (10 mL) and o-C 6 H 4 (PMe 2 ) 2 (0.20 g, 1.0 mmol) added. A clear solution formed which deposited a cream precipitate after ∼20 min. After stirring for 1 h the precipitate was filtered off, rinsed with MeCN (2 mL) and dried in vacuo. White powder. Yield: 0.30 g, 79%. Anal: required for C 20 H 32 F 10 Nb 2 P 4 (772. [NbF 4 {o-C 6 H 4 (AsMe 2 ) 2 } 2 ][NbF 6 ]: NbF 5 (0.18 g, 1.0 mmol) was dissolved in anhydrous MeCN (15 mL) and o-C 6 H 4 (AsMe 2 ) 2 (0.29 g, 1.0 mmol) added. A clear yellow solution formed which deposited a pale yellow-cream precipitate after ∼20 min. After stirring for 1 h the solution was concentrated to ∼5 mL, the precipitate was filtered off, rinsed with MeCN (2 mL) and dried in vacuo. Yellow powder. Yield: 0.40 g, 85%.
Anal: required for C 20 [NbF 4 {Me 2 P(CH 2 ) 2 PMe 2 } 2 ][NbF 6 ]: NbF 5 (0.18 g, 1.0 mmol) was dissolved in anhydrous MeCN (15 mL) and Me 2 P-(CH 2 ) 2 PMe 2 (0.15 g, 1.0 mmol) added. A clear solution formed which deposited a white powder on stirring. After stirring for 1 h the solution was concentrated to ∼5 mL, and dry diethyl ether (5 mL) added. The precipitate was filtered off, rinsed with MeCN (2 mL) and dried in vacuo. White powder. Yield: 0.25 g, 76%. Anal: required for C 12 H 32 F 10 Nb 2 P 4 (676.1): C, added slowly to the solution, which resulted in rapid formation of a red-brown precipitate. The reaction was left to stir another 10 min. The solution was filtered, the precipitate was washed with small amount of dichloromethane and dried in vacuo. Yield: 0.280 g, 83%. Red-orange single crystals of [NbCl 4 (o-C 6 H 4 (PMe 2 ) 2 ) 2 ]Cl were grown from a saturated dichloromethane solution cooled in the freezer. Anal: required for C 20 NbCl 5 (0.135 g, 0.50 mmol) was dissolved in acetonitrile (5 mL) giving a bright yellow-green solution. HMDSO (0.10 g, 0.60 mmol) was added. The mixture was left to stir under nitrogen for 30 min during which time the solution turned very pale yellow. o-C 6 H 4 (PMe 2 ) 2 (0.10 g, 0.50 mmol) in 3 mL acetonitrile was added slowly to the solution which resulted in formation of white precipitate immediately with a solution colour change to red-orange. The reaction was left to stir for another 5 min and then the white precipitate filtered off. The filtrate was refrigerated for several days to give red-orange crystals of [NbCl 4 {o-C 6 H 4 (PMe 2 ) 2 } 2 ][NbOCl 4 (CH 3 CN)] Yield: 0.023 g, 10%. Anal: required for C 22 H 4 (PMe 2 ) 2 }] were grown from a saturated dichloromethane solution in the freezer. Yield: 0.045 g, 12%. Anal: required for C 22 H 35 Cl 6 NNb 2 O 3 P 4 (884.0): C, 29.9; H, 4.0, N, 1.6. Found: C, 30.5; H, 3.9; N, 1.6. 1 [({Me 2 P(CH 2 ) 2 PMe 2 }NbOCl 3 ) 2 (µ-Me 2 P(CH 2 ) 2 PMe 2 )]: NbCl 5 (0.135 g, 0.50 mmol) was dissolved in acetonitrile (5 mL) whilst stirring giving a bright yellow-green solution. HMDSO (0.10 g, 0.60 mmol) was added. The mixture was left to stir under nitrogen for 30 min during which time the solution turned very pale yellow. Me 2 P(CH 2 ) 2 PMe 2 (0.075 g, 0.50 mmol) in 5 mL of dichloromethane was added to the solution which resulted in formation of white precipitate immediately. The reaction was left to stir another 10 min and then filtered. The precipitate was washed with a small amount of dichloromethane and dried in vacuo. Yield: 0.088 g, 76%. Colourless single crystals of [{Me 2 P(CH 2 ) 2 PMe 2 }NbOCl 3 } 2 (µ-Me 2 P-(CH 2 ) 2 PMe 2 )] were grown from saturated dichloromethane solution in the freezer. Anal: required for C 18 
X-ray experimental
Details of the crystallographic data collection and refinement parameters are given in Table 1 . Crystals suitable for single crystal X-ray analysis were obtained as described above. Data collections used a Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+ detector mounted at the window of an FR-E+ SuperBright molybdenum (λ = 0.71073 Å) rotating anode generator with VHF Varimax optics (70 µm focus) with the crystal held at 100 K (N 2 cryostream). Structure solution and refinements were performed with either SHELX (S/L)97 or SHELX(S/L)2013 28 and were straightforward except as detailed below. H atoms bonded to C were placed in calculated positions using the default C-H distance and refined using a riding model. The anion in [NbF 4 {o-C 6 H 4 (AsMe 2 ) 2 } 2 ]-[NbF 6 ] was disordered which was satisfactorily modeled with a number of partially occupied F positions and thermal parameter restraints. The [{o-C 6 H 4 (PMe 2 ) 2 }NbOCl 3 -µ-O-NbCl 3 (CH 3 CN){o-C 6 H 4 (PMe 2 ) 2 }] crystals were weakly diffracting with poorly defined reflection profiles and it was necessary to employ global restraints to the atomic displacement parameters. The apical chlorine and oxygen atoms coordinated to Nb2 are modeled as disordered (ca. 80/20) over the 2 positions using thermal parameter constraints and distance restraints (Nb-Cl = 2.47, Nb-O 1.8).
